In this study, we tested the hypothesis that intraspinal GABAergic circuits are involved in shaping phrenic motor output. To this end, we performed bilateral phrenic nerve recordings in anesthetized adult rats and observed neurogram changes in response to knocking down expression of both isoforms (65 and 67 kDa) of glutamate decarboxylase (GAD65/67) using microinjections of anti-GAD65/67 short-interference RNA (siRNA) in the phrenic nucleus. The number of GAD65/67-positive cells was drastically reduced on the side of siRNA microinjections, especially in the lateral aspects of Rexed's laminae VII and IX in the ventral horn of cervical segment C4, but not contralateral to microinjections. We hypothesize that intraspinal GABAergic control of phrenic output is primarily phasic, but also plays an important role in tonic regulation of phrenic discharge. Also, we identified respiration-modulated GABAergic interneurons (both inspiratory and expiratory) located slightly dorsal to the phrenic nucleus. Our data provide the first direct evidence for the existence of intraspinal GABAergic circuits contributing to the formation of phrenic output. The physiological role of local intraspinal inhibition, independent of descending direct bulbospinal control, is discussed.
SpINs anatomically (44, 45, 47, 87) or electrophysiologically (3, 4, 8, 14, 15, 28, 59, 60) in a variety of species.
A methodological limitation inherent to pharmacological antagonism is its inability to selectively differentiate the roles mediated by different sources of synaptic input. Thus, although local microinjection of antagonists improves the ability to spatially localize antagonist effects, interpretation of results using this approach is not definitive because all receptors in the region will be affected, and the source of synaptic drive (local vs. descending) is impossible to identify. Fortunately, in recent years, 20 -25 base-pair short interference RNA (siRNA), assembled into endoribonuclease-containing complexes, has been used to selectively cleave mRNA, thereby knocking down protein synthesis. The present study specifies the role of local spinal GABAergic neurons suggested (but not proven) by our previous pharmacological study (53) , by making use of microinjections of anti-glutamate decarboxylase siRNA (anti-GAD siRNA) directly into the PNucl to silence spinal GABAergic interneurons. This approach has the advantage over other preparations because the inhibitory GABA-ergic inputs of descending respiratory drive are unaffected by the microinjection of anti-GAD siRNA into the PNucl, thereby increasing specificity of the source of the inhibitory drive. In addition, electrophysiological recording and subsequent phenotypic classification of GABAergic interneurons allowed us to identify definitive locations and roles for these cells. Their role in controlling phrenic nerve discharge is evaluated and discussed.
METHODS

Animal Preparation
General surgical preparation. All procedures were approved by the Drexel University Institutional Animal Care and Use Committee, which oversees Drexel University's AAALAC-accredited animal program. Sixteen (11 with anti-GAD siRNA and 5 with negative control siRNA) spontaneously breathing adult Sprague-Dawley male rats (340 -380 g) were initially anesthetized with isoflurane (4 -5% vaporized in O 2, Matrix) via a snout mask. Anesthetic depth was maintained at the level that prevented limb withdrawal reflexes and changes in heart rate and blood pressure in response to noxious stimulation of the distal hind limbs. Following tracheotomy and intubation, animals were artificially ventilated with the same gas mixture (2-2.5% of isoflurane in O 2, 60 cycles/min, 2.3-3.0 ml of tidal volume; Columbus Apparatus) throughout the experiment. EKG was recorded via subcutaneous electrodes using conventional amplification and filtering (Neurolog; Digitimer, Hertfordshire, UK) and monitored using an audio amplifier (model AM10; Grass Instruments) and oscilloscope. One femoral artery and vein were cannulated for measurement of arterial pressure and infusion of drugs and saline, respectively. During all surgical procedures, core temperature was maintained at 37.0 Ϯ 0.1°C via a servocontrolled heating blanket coupled to a rectal thermometer (Harvard Apparatus). Using a ventral approach, the phrenic nerves (PNs) were dissected free from the surrounding tissue, transected, desheathed, and covered with mineral oil-soaked cotton.
Rats were then placed supine in a stereotaxic frame. Arterial and tracheal cannulas were connected to pressure transducers (CDXII; Argon Medical) to monitor arterial blood pressure and lung inflation pressure, respectively, using conventional amplifiers (Gould Statham). In all animals, end-tidal CO 2 was maintained between 4.5 and 5% (Capstar CWE) and locked to Ϯ0.1% during injection and recording epochs (see below) by adjusting minute volume.
Spinal surgery. Infrathyroid portions of the trachea and esophagus were removed. The C3-C5 vertebrae were exposed using a ventral approach by removal of the rectus capiti, superior oblique, and ventral portions of the longus colli muscles. The ventral surface of the C3-C5 spinal cord was exposed by grinding of the vertebral bodies using a variable-speed drill, and sealed with bone wax. The dura was then opened using iridectomy scissors.
Recording. Prior to neuronal recording, bilateral pneumothorax was performed to eliminate lung inflation-related motion artifact and chest wall mechanoreceptor feedback to the respiratory central pattern generator. Animals were paralyzed by an intravenous bolus injection of 2 mg/kg, followed by continuous infusion (3-4 mg·kg Ϫ1 ·h Ϫ1 ) of vecuronium bromide (Abbott Laboratories) dissolved in RingerLocke solution. A positive end-expiratory pressure of 1.0 cm H2O was applied to prevent atelectasis. The central ends of the PN were placed on bipolar silver electrodes and immersed in a mineral oil pool formed by skin flaps. Electrical activity from left and right PNs was amplified and filtered (10 -5, 000 Hz; Neurolog, Digitimer). The extracellular activity of spinal respiration-related neurons was recorded (200 -3,000 Hz; Neurolog) from the phrenic nucleus (Fig. 1 , B and C) using glass microelectrodes with a tip outer diameter of 2-2.5 m (7-10 M⍀) pulled from borosilicate glass capillaries (World Precision Instruments; cat. no. 1B120-F4) and filled with 0.5 M NaCl and 2.5% Neurobiotin (Invitrogen). The microelectrode was held in a stepper motor assembly (T-NA08A50; Zaber Technologies), attached to the rail of the stereotaxic frame via a micromanipulator, and advanced in steps of 1.5-2.0 m to a depth 1.0 -1.25 mm from ventral surface and 1.0 -1.2 mm lateral to the midsagittal plane. Recorded SpINs were labeled juxtacellularly by iontophoresis of neurobiotin with positive current (5-10 nA, 20 Hz, 20 ms; Axoclamp 2A) for 20 -25 min (Fig.  1, A1) . The electrical activity of the two PNs, extracellular discharges of respiratory neurons in PNucl, expiratory CO 2 level, arterial blood pressure, and lung inflation pressure were recorded onto the hard disk of a personal computer at a sampling rate of 10,000 kHz using a 16-bit A/D converter with visualization software (AD Instruments). Application of siRNA. siRNA targeting glutamate decarboxylase (both the 65-and 67-kDa isoforms; anti-GAD65/67 siRNA), designed for in vivo experiments with new "stealth" technology (Invitrogen, cat. no. 1330003; 3 oligos-RSS302157, RSS302158, RSS302159 against the 65-kDa isoform, and 3 oligos-RSS302154, RSS302155, RSS302156 against the 67-kDa isoform), was dissolved in saline (pH ϭ 7.4) and injected unilaterally into one PNucl at the C4 level (n ϭ 11). The majority of PMNs (ϳ64%) at this level have been described previously (26) . Prior to treatment with siRNA, the PNucl was identified via microinjection of 10 nl of 10 mmol L-glutamate using triple-barrel pipettes (18 -20-m outer diameter for each barrel) when an immediate response in the phrenic neurogram was observed (53) . A second barrel was used for anti-GAD 65/67 siRNA microinjections (20 mol, 5 nl every 2 min for 2.5 h, 20 psi, 8 -10-s pulse duration; Picospritzer III from Parker Instruments). A third barrel was filled with 2% Pontamine sky blue and was used for histological identification (10 nl) of the microinjection site (Fig. 2C) . Additionally, in five rats negative control random sequence siRNA (Stealth RNAi siRNA negative control Hi GC, Invitrogen cat. no. 12935-400), and in another five rats, saline (pH ϭ 7.4) (second control) was injected in the same manner as active siRNA.
Immunohistochemistry. At the end of each experiment, animals were transcardially perfused with 500 ml of normal saline (20°C, pH 7.4) with heparin (600 U/l) followed by 500 ml 4% paraformaldehyde in 0.1 M PBS. The spinal cord was removed and postfixed in the same fixative for 24 h at 4°C. Prior to sectioning, spinal cord was cryoprotected by incubation in 20% sucrose in PBS for 24 h. 60-m sections were cut the following day to determine the number of GAD-positive cells and the position of juxtacellularly labeled units. In the case of neurobiotin-labeled neurons, sections were then processed with Vectastain ABC kit (Vector Labs; PK-6100). The recording electrode position for each neuron was defined in micrometers lateral from the midline and by depth from the ventral surface of spinal cord. Location of nonlabeled units was identified by their distance to labeled cells. The positions of all neurons were corrected according to tissue shrinkage after fixation. Labeled and unlabeled cells were mapped onto a standardized stereotaxic atlas (62) .
GAD65/67 determination. Six frozen sections (60 m) from each C4 spinal segment were cut and collected in serial order in PBS at the center of injections marked with Pontamine sky blue (see above). This number of sections was chosen on the basis of calculation of the projected volume of spread (356 m in diameter) of 5 nl of drug in brain tissues (56) and to cover the area (360 m in diameter) where pharmacological effect is expected to be stable and repeatable. According to the Eq. 13 in Ref. 56 , this volume will immediately occupy the area that is larger (356 m in diameter) than the PNucl [ϳ150 -200 m; see Fig. 1 from Furicchia and Goshgarian (25) ] but less than the average (760 m) dendritic expanse of phrenic motoneurons (25) . Free-floating sections were washed in PBS (3 ϫ 10 min), preincubated in 10% of normal goat serum (NGS; Vector Labs, cat. no. S-100) for 2 h, and placed in primary rabbit polyclonal anti-GAD65/67 antibodies (1:250 with 5% of NGS in 0.1 M PBS; Millipore, cat. no. AB1511) for 48 h in a shaker at 4°C. Following this, sections were washed in PBS (3 ϫ 10 min) and incubated in goat anti-rabbit biotinylated secondary antibodies (1:500; Vector Labs, cat. no. BA-1000) for 2 h. GAD65/67-positive sections were then processed with Vectastain ABC kit (Vector Labs, PK-6100), washed in PBS again (3 ϫ 10 min), and visually explored using a microscope (Olympus-Bx51). In the case of neurobiotin-labeled neurons, doublelabeling techniques were applied: neurobiotin-positive cells were identified ( Fig. 1A1 ) with standard Vectastain ABC kit (Vector Labs, PK-6100), and GAD65/67-positive cells were detected using FITCconjugated secondary antibodies (1:250, Vectors Labs, cat. no. FI-5000). Double-labeled cells were detected by superimposition of GAD65/67-and neurobiotin-positive cells from digital photomicrographs ( Fig. 1, A2 and A3). Sections were mounted on gelatin-coated slides and covered with water-based mounting medium (Ted Pella, cat. no. 27212), to prevent fading of fluorescence and stored at 4°C in the dark.
Data Analysis
Electrophysiology. Single-unit activity and general respiratory output variables, including respiratory rate (RR), inspiratory (T i), and expiratory (Te) durations, inspiratory burst amplitude, and tonic activity duration and amplitude were determined using Ն50 respiratory cycles. Spike2 (version 5, Cambridge Electronic Design), MatLab (version R2011a, MathWorks), IBM SPSS STATISTICS 20, and custom-written scripts for measurement of parameters from PN and single-unit activity were used for data analysis. Event markers for single-neuron action potentials and for onset and offset of integrated ( ϭ 50 ms) phrenic nerve activity were derived from the raw recordings. Spike patterns of single units were analyzed by creating PN onset-triggered histograms (i.e., cycle-triggered histograms). PMNs were positively identified by the presence of a waveform peak in the unit's spike-triggered average (STA; Ͼ1,000 respiratory cycle) of the ipsilateral phrenic nerve and the absence of this waveform in a one respiratory cycle-shifted STA of the same ( Fig. 2A ; see also Ref. 54) . Presumed interneurons (INs) were identified by the absence of uncorrelated waveform in the STA (Fig. 2B) . The changes in amplitude for inspiratory and expiratory phases were calculated and reported as a percentage of control of maximal peak of averaged integrated activity during inspiration and background level during expiration before and 30, 45, 60, 75, 90, 105, and 120 min ("timestamps") after the onset of siRNA microinjections (Fig. 3) . To investigate dynamic changes in integrated PN activity over inspiratory and expiratory phase across all animals, respiratory phases were divided in 15 bins for each animal. The absolute value of inspiratory integrated activity and its relative increase (by subtracting of control values at each timestamp) was calculated with and without back- ground influences by subtraction of averaged expiratory background level from inspiratory phase at each timestamp with corresponding P values calculated for each bin (Fig. 4, A-C) . The normality of the data distribution was confirmed by applying Lilliefors test in MatLab. Depending on how well the data conformed to a normal distribution, either parametric (t-test) or nonparametric (Mann-Whitney U) tests were applied to compare two groups of data (e.g., pre-siRNA vs. post-siRNA injection).
Histology. GAD65/67-positive cells were counted from six sections on both sides in anti-GAD65/67 siRNA injection experiments and in control animals. Only neurons with identifiable nucleoli were counted. Photomicrographs of the selected neurons were made with a digital camera (Infinity-2; Lumenera) attached to an Olympus BX51 microscope and saved in TIFF format (300 dpi in space and 16 bits in color resolution, Photoshop 12.04, Adobe). GAD-positive cell outlines in all six sections were counted on these digital photomicrographs. Only cells with homogenous staining in the cytoplasmic compartment were identified as GAD-positive. The total average number of GAD-positive cells was counted from six sections (the average cumulative sum). These data were then normalized (in %) and analyzed in SigmaPlot for each Rexed's layer VII-IX in the ventral horn of spinal segments C3-C5, according to Paxinos and Watson's atlas of the rat brain (62). As we were not able to test for normality of cell distribution from six sections (due to insufficient number of samples), we assumed a priori a normal distribution of data. As negative control, GAD65/67-positive cells were also counted and analyzed from sections of five animals with injections of negative control siRNA and injections of saline.
For comparisons between multiple results, we used parametric (one-way and repeated-measures ANOVA) and nonparametric (Kruskal-Wallis and Friedman) tests. All values are indicated as means Ϯ SD, or as means Ϯ SE, as appropriate. SE measures are given when groups of standard deviations are compared. Differences were considered significant at the 95% confidence limit (P Ͻ 0.05).
RESULTS
Changes in Phrenic Nerve Activity During Anti-GAD-65/67 siRNA Microinjection into the C4 Ventral Horn
No changes in PN activity were observed during the first 30 -45 min during injection, save for some irregular expiratory activity in the ipsilateral PN (Fig. 3, A-C) . After 60 -90 min (Figs. 3, D-F, and 7C), this low-amplitude expiratory discharge transformed into a regular tonic pattern [145 Ϯ 12.7% of background (BG) preinjection level; % BG] and saturated after 2 h when a significant expiratory discharge became evident (281 Ϯ 38.7% BG). An increase in PN burst amplitude during inspiration was also noted after 60 -90 min (Figs. 3, D-F , and 4A) and plateaued after 120 min of injections. However, after subtraction of BG, the significant increase in PN inspiratory amplitude was found only during the second half of inspiration, 90 -120 min after injections (Fig. 4B) . No changes in phrenic nerve activity were detected on the contralateral side or in control experiments (data not shown).
Also, we did not detect any changes in blood pressure during siRNA microinjections (Fig. 5) .
siRNA Reduction/Elimination of GAD-65/67 Expression in Ventral Horn
The average cumulative sum of GAD-positive cells in control (saline injections) experiments was 56.44 Ϯ 11. 
Firing Patterns of GABAergic Respiratory Interneurons of C3-C5 Ventral Horn
Eleven inspiratory interneurons with extended expiratory activity were recorded from the ventral horn at spinal levels C3-C5 (e.g., Fig. 1, C1 and C2 and Fig. 7, C3-C5 ). Six of them showed uniform (Fig. 7, C3-C5 , IϩE, squares) and five exhibited decrementing (Fig. 7, C3-C5 , I-DecϩE, circles) firing frequency patterns during inspiration. Of these 11 cells, three IϩE and two I-DecϩE interneurons were labeled with neurobiotin. Of the neurobiotin-labeled cells, two IϩE and one I-DecϩE cells were GAD65/67-positive (Fig. 7, C3-C5, red squares and circles, respectively) .
Twelve interneurons that fired during expiration (Figs. 1,  B1 and B2, and 7, C3-C5) were recorded. Seven of these exhibited augmenting activity during expiration (Fig. 7,  C3-C5, E-Aug, pentagons) , and five demonstrated slowly decrementing firing patterns (Fig. 7, C3-C5 , E-Dec, diamonds). Of these 12 neurons, 7 were labeled with neurobiotin, 4 of which exhibited an augmenting pattern and 3 showed decrementing expiratory discharge. Of the neurobiotin-labeled cells, three of the E-Aug and two of the E-Dec neurons were GAD65/67-positive (Fig. 1, A1-A3 and Fig. 7 , C3-C5, red pentagons and diamonds, respectively). On the basis of these results, five of the seven (ϳ71%) neurobiotin-labeled expiratory and three of the five (ϳ60%) inspiratory interneurons were GAD-positive.
DISCUSSION
General Findings
In the present study, we provide the first direct evidence for the existence of intraspinal GABAergic circuits contributing to the formation of phrenic output. There are three principal findings in this study. First, we found that GABAergic control of phrenic output is primarily phasic and contributes to regulation of phrenic discharge in late inspiration. Second, we demonstrated the existence of respiratory-modulated GABAergic SpINs (ϳ2/3 of those labeled with neurobiotin), both inspiratory and expiratory cells, in C3-C5 ventral horns located slightly dorsal to the phrenic nucleus. Lastly, changes in GAD65/67 expression were localized only on the side ipsilateral to siRNA microinjections. Finally, we detected tonic inhibitory influences on phrenic nerve discharge, which may arise from a single or multiple sources. These findings demonstrate that SpINs exert local, largely unilateral GABAergic control over phrenic output.
Although GABAergic inhibitory mechanisms have been implicated in respiratory pattern formation (13, 61, 77) , the role of local spinal inhibitory neurons in controlling phrenic output is emerging. It has previously been shown that local GABA A receptor blockade in the PNucl causes increased phrenic nerve amplitude in all phases of respiration in decerebrate rats (53) . In contrast, phrenic microinjections of the glycine receptor antagonist strychnine increased phrenic activity only during inspiration and postinspiration (53) . In urethane-anesthetized rats, single injections of GABA A and GABA B antagonists into the PNucl caused transient increases in phrenic nerve amplitude (7). However, because these studies blocked receptors, it was not possible to determine the source (i.e., distal vs. local) of the inhibitory drive. The present study suggests that the source is within and around the PNucl.
Methodological Considerations
Methodological considerations played a crucial role in allowing us to characterize local GABAergic interneurons physiologically, vis-à-vis the effects of their functional downregulation. In contrast to pharmacological antagonists, which block target receptors and nonselectively interfere with descending and local GABAergic neurotransmission, we assume that siRNA caused the local downregulation of GABA synthesis in interneurons. Furthermore, the ability to reduce translation of a protein using RNA interference sufficiently to observe physiological effects requires the targeted protein to have a relatively short half-life of ϳ2-3 h (75). In this study, we used local microinjections of siRNA against both (65 and 67 kDa) isoforms of glutamate decarboxylase, the enzyme responsible for synthesizing GABA, which allowed for selective neurotransmitter silencing of local intraspinal GABAergic interneuronal activity without affecting either respiratory rhythm generation, descending inhibitory pathways, or contralateral PN activity (see RESULTS). Thus, siRNA is a viable tool for silencing selective neuronal phenotypes if they express a specific neurotransmitter-synthesizing enzyme.
GAD-65/67 Expression
The number of GAD65/67-positive cells was drastically reduced on the side of siRNA microinjections (Figs. 6 and 7B) , especially in the lateral aspects of layer VII. No significant changes in GAD65/67 immunoreactivity were observed in Rexed layers VIII, medial aspects of VII, or IX, which are located further from the injection site. Most likely, this was because an efficacious concentration of siRNA was not achieved in these regions.
In the mammalian CNS, the two forms of GAD-GAD65 and GAD67-are encoded by separate genes with 70% sequence homology (17, 18, 39) . GAD65 and GAD67 colocalize in most GABAergic cells, but their expression levels vary in different subcellular compartments; GAD65 preferentially accumulates in axon terminals, whereas GAD67 is localized in both terminals and cell bodies (19) . However, within the ventral horn of the spinal cord, there are a greater number of GAD67-immunoreactive profiles, mostly located around motoneurons (21) .
The cervical level of spinal cord in adult rats contains few GAD67 neurons of medium or large size (Ͼ25 m)-they were visible in layers VII, VIII, and IX. Fewer number of GAD65-positive neurons were also detected in ventral horn (21) . The same distribution of GAD65 and GAD67 subunits among layers of spinal cord was demonstrated by Mackie et al. (52) . As we used immunodetection of both 65-and 67-kDa GAD isoforms, these data are generally in agreement with our result showing a similar distribution of GAD-positive cells in the ventral horn.
Role of Ventrolateral Spinal GABAergic Circuits in Controlling Phrenic Output
The specific role of local GABAergic regulation of phrenic output was also investigated, with the purpose of ascribing this class of cells with tonic and/or phasic influence. In the PN ipsilateral to the siRNA-treated phrenic nucleus, a low-amplitude expiratory discharge became evident after 30 -45 min of microinjections, increasing and becoming stable at 60 -90 min, and finally plateaued at 2 h (Fig. 3) . This demonstrates that local GABAergic neurons in the siRNA-affected regions ( Fig. 7B) are involved in the control of phrenic motoneuron discharge during post-I and E2 phases of respiration. Additionally, we observed an increase in integrated PN inspiratory amplitude ipsilateral to the siRNA-treated phrenic nucleus. This increase became apparent at 60 -90 min of microinjections, consistent with a role for these interneurons in phasic gain control, as it was shown for PMNs (61) , bulbospinal (11) , and propriobulbar respiratory neurons (77). Parkis et al. (61) suggested bulbospinal pathways as the main source of GABA-ergic inspiratory inhibition of PMNs but did not exclude involvement of spinal interneurons.
After subtraction of averaged expiratory background activity (which was increased by this treatment; see Fig. 3 ), the increase in inspiratory activity retained significance only during the second half of inspiration (Fig. 4) . Our present results demonstrate a role of local GABAergic interneurons in controlling both tonic and phasic PN activity, which is consistent with (albeit more specific than) our previous results, where microinjections of the GABA A antagonist gabazine into the PNucl increased phrenic activity in all phases of respiration (53) .
In the most simplified scheme, there are two possible connectivity patterns for these local GABAergic interneurons, which may exist in parallel (Fig. 8) . GABAergic interneurons may be interposed in a three-neuron (or greater) descending relay, where bulbospinal units synapse on interneurons, which, in turn, synapse on phrenic motoneurons. Consistent with this potential model, bulbospinal projections to intercostal and abdominal respiratory motoneurons have been demonstrated extensively in the cat and rat (10, 12, 16, 20, 22, 40, 58, 72, 73) and, together with interneurons (4, 37, 42, 43, 74, 76, 84) , may play an important role in integrating supraspinal and spinal inputs (63, 82) . The interesting results considering medullary respiratory GABA-ergic neurons as exclusively propriobulbar (but not bulbospinal or cranial motoneurons) were demonstrated by Yamazaki et al. (86) and Okazaki et al. (57) in cats and rats. Taking into account these observations, we may suggest an important role of intraspinal inhibitory circuits in the control of respiratory motoneurons under normal (eupneic) and pathological conditions. Alternatively, inhibitory inspiratory interneurons may represent Renshaw cells, first described in the cat (75) and located in Rexed layer VII, which receive motoneuronal excitation and recurrently inhibit the same. The existence of Renshaw recurrent inhibition has been demonstrated for phrenic (30, 31, 49) and intercostal respiratory motoneurons (30, 41) . These parallel models are further complicated by potential supraspinal drive of Renshaw cells (31) . Additionally, it has been also shown that some spinal interneurons corelease both glycine and GABA to activate functionally distinct receptors in their postsynaptic target cells (38) , and these "mixture" synapses represent about 20 -22% of total GABAergic and glycinergic inputs to motoneurons (50) . GABA A receptor subunit composition in lamina IX exhibits extraordinary complexity, suggesting the presence of multiple receptor subtypes within single motoneurons and a rather significant heterogeneity in the expression of these subtypes among the different neurons (70) .
Proposed Function of Spinal Interneurons in Phrenic Pattern Formation
All recorded interneurons were located within and dorsal to the PNucl, which is in agreement with similar results obtained from cats (3, 14) and rabbits (60) . The most consistent finding was that almost all respiratory interneurons possessed some degree of tonic activity throughout all phases of respiration and exhibited preferential phasic firing during specific respiratory phases (inspiratory, expiratory).
A potential functional role of respiratory spinal interneurons is also suggested by the finding that rhythmic bursting sometimes has been reported in phrenic nerve discharge following high cervical (C1-C2 and C2-C3) spinalization (2, 9, 64, 85) . This indicates some rhythmogenic capability inherent in the local high cervical (C1-C2) and/or phrenic circuits. Another potential role, perhaps in limiting the range of excitability in the local circuit, is suggested by the induction of spinal phrenic reflexes following PN stimulation (81) . It has been proposed that spinal interneurons, including Renshaw cells, play an important role in the integration of segmental and suprasegmental inputs (3, 28, 33, 82, 83) and may be involved in plasticity mechanisms involved in recovery of respiration following spinal cord injury (44 -48) .
Conclusion
In conclusion, we demonstrate the functional role of local GABAergic interneurons in the C4 ventral horn regulating tonic and phasic activity of phrenic output. This is only the first step in more thoroughly differentiating local vs. bulbospinal circuit interactions involved in respiratory pattern formation. The existence of excitatory SpINs as parallel regulators of motoneuron excitability, integrating supraspinal and spinal inputs, may also play a role in the same. It is evident that highly complex supraspinal and intraspinal networks appear to interact to affect a precise and flexible control of phrenic output. Moreover, it is clear that the phrenic motoneurons and interneurons are not simple relays of respiratory drive, as they actively and dynamically process descending and local inputs. On the basis of our results, a hypothetical schematic of possible interactions between spinal respiration-related neurons and descending bulbospinal inputs is proposed (Fig. 8) . Further studies are needed to more thoroughly characterize and delineate the roles of descending and local fast synaptic inhibition in phrenic pattern formation.
Perspectives and Significance
Our results show that selective blockade of GAD65/67 synthesis with siRNA opens a new approach to the investigation of the role of spinal GABA-ergic circuits involved in pattern formation of respiratory motor output and may be applied to studying other CNS microcircuits. Silencing via siRNA is a powerful experimental approach, and simpler than e.g., optogenetic techniques, in the manipulation of neurotransmitter-specific cell populations in selected brain regions. The future direction of the current project includes more thorough study of SpINs located in different layers of ventral spinal cord in combination with transsynaptic and monosynaptic retrograde tracing (pseudorabies virus and cholera toxin B) and identification of neurotransmitter (GABA-, glycine-ergic or Fig. 8 . Hypothetical scheme of interactions between spinal respiration-related neurons and descending bulbospinal commands. Excitatory and inhibitory elements (somata and axons) are shown in red and blue, respectively. I, E, T, M (green) and R denote inspiratory, expiratory, tonic, phrenic motoneuron and Renshaw neuronal somata and axons, respectively. pFRG, parafacial respiratory group (possible generator for active expiration; see Refs. 29 and 35). BötC, Bötzinger complex; preBötC, preBötzinger complex; rVRG, rostral ventral respiratory group. cVRG, caudal ventral respiratory group; 5-HT, raphe-spinal (tonic excitatory) pathways. Phrenic motoneurons receive excitatory inspiratory drive from bulbospinal neurons located in rVRG (10, 12, 16, 20, 22, 71) . rVRG neurons, in turn, are excited by preinspiratory preBötC neurons, part of the kernel of respiratory rhythm generation (RRG). Phrenic motoneurons receive direct inhibitory drive from BötC (84) during expiration (blue E). Inspiratory bulbospinal drive from the rVRG may activate excitatory and inhibitory (for e.g., GABAergic-and glycine-ergic) local inspiratory interneurons (blue and red I). During the expiratory phase, pFRG and BötC also excites (red E) expiratory bulbospinal neurons located in cVRG (1, 6) . Descending cVRG axons may excite (red E) spinal intercostal and abdominal expiratory motoneurons (not pictured), and their collaterals may excite GABAergic expiratory (blue E) interneurons located in the ventral horn of C3-C5. Raphe-spinal 5-HT-containing pathways (dark red 5-HT) may play an important role in the maintenance of tonic excitatory support of phrenic motoneurons. Renshaw cells, and tonic inhibitory (e.g., GABAergic-and glycine-ergic, blue T) and excitatory (red T) interneurons are shown as additional inhibitory intraspinal circuit elements. glutamatergic) and spiking patterns of labeled cells. Detailed information about SpINs connected to respiratory motoneurons may change our basic view on the spinal mechanisms involved in breathing pattern formation during eupnoea and in challenges, such as hypercapnia, hypoxia, and resistive loading of upper airways. The role of SpINs in compensatory (plastic) adaptation of breathing during different pathological conditions (e.g., chronic obstructive pulmonary diseases, amyotrophic lateral sclerosis, and spinal cord injury) may also be addressed, as has already been discussed (27, 32, 44 -47) , and may lead to developing new treatment strategies.
